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Summary
Maintaining genome integrity and cellular function requires
proper positioning of the cell division plane. In most eukary-
otes, cytokinesis relies on a contractile actomyosin ring
positioned by intrinsic spatial signals that are poorly defined
at the molecular level. Fission yeast cells assemble a medial
contractile ring in response to positive spatial cues from the
nucleus at the cell center [1, 2] and negative spatial cues
from the cell tips [3, 4]. These signals control the localization
of the anillin-like protein Mid1, which defines the position
of the division plane at the medial cortex, where it recruits
contractile-ring components at mitosis onset [5–10].
Here we show that Cdr2 kinase anchors Mid1 at the medial
cortex during interphase through association with the Mid1
N terminus. This association underlies the negative regula-
tion of Mid1 distribution by cell tips. We also demonstrate
that the positive signaling from the nucleus is based on
Mid1 nuclear export, which links division-plane position to
nuclear position during earlymitosis. After nuclear displace-
ment, Mid1 nuclear export is dominant over Cdr2-dependent
positioning of Mid1. We conclude that Cdr2- and nuclear
export-dependent positioning of Mid1 constitute two over-
lapping mechanisms that relay cell polarity and nuclear
positional information to ensure proper division-plane
specification.
Results and Discussion
During interphase, Mid1 localizes to both the cell nucleus and
a band of cortical nodes at the center of fission yeast cells [5,
7]. How Mid1 associates with the medial cortex remains
unclear: the carboxy-terminal half of Mid1 (Mid1-Cter, residues
500–920) localizes to the central cortex through an amphi-
pathic helix but does not complement positional defects of
the division plane in mid1D cells, and mutation of the
membrane-binding helix only slightly affects Mid1 function
[11]. In contrast, the amino-terminal half of Mid1 (Mid1-Nter;*Correspondence: paoletti@curie.fr
4These authors contributed equally to this workresidues 1–506) localizes to the medial cortex by an unknown
mechanism and complements positional defects of the divi-
sion plane in mid1D cells [11]. To investigate Mid1-Nter target-
ing to the medial cortex, we examined its localization in cells
lacking Cdr2, a kinase that localizes to the medial cortex and
promotes mitosis through negative regulation of Wee1 [12–
14]. In cdr2D cells, Mid1-Nter localized to the cytoplasm and
nucleus but not to the central cortex (Figure 1A; also
Figure S1B, available online). This contrasts with Mid1-Cter,
which localizes to the central cortex independently of Cdr2
(Figure S1C). Moreover, Mid1-Nter properly positioned the
division plane in wild-type but not cdr2D cells (Figures 1A
and 1B). These results indicate that the Cdr2 kinase is required
for the localization and function of Mid1-Nter.
Despite its requirement for localization and function of Mid1-
Nter, deletion of cdr2 had a limited impact on the position of
the division plane in the presence of full-length Mid1 (w20%
abnormal septa in cdr2D cells expressing endogenous Mid1
or Mid1-GFP and w40% in cells expressing Mid1-4GFP;
Figures 1B and 3B; also Figure S5C). We tested whether the
Mid1 C-terminal membrane-binding helix might contribute to
Mid1 function in the absence of Mid1 N-terminal anchoring.
Indeed, mutation of the membrane-binding helix (Helix*-
Mid1) led to dramatic septation defects in cdr2D cells but
not in wild-type cells (Figure 1B). Thus, impairing singly either
Mid1 N-terminal anchoring or Mid1 C-terminal binding to
membranes has little effect on Mid1 function, but combining
these mutations leads to strong synthetic defects and loss of
Mid1 function. This indicates that Mid1 association with Cdr2
is redundant with Mid1 C-terminal membrane binding in the
promotion of Mid1 anchoring to the cortex and positioning of
the division plane. Despite this redundancy, Mid1 localization
to cortical nodes was disrupted in cdr2D cells during inter-
phase. Mid1 localized almost exclusively in the nucleus and
formed fewer cortical nodes during progression through G2,
which correlates with cell length in fission yeast (Figures 1C
and 1D). Thus, Cdr2 targets Mid1 to the medial cortex during
interphase. A mutation predicted to abolish Cdr2 kinase
activity (E177A) impaired Mid1 localization at the medial cortex
(Figure S1A), although this mutation does not affect Cdr2 local-
ization [14]. In addition, Mid1-Nter was absent from the medial
cortex and did not position the division plane properly in
cdr2(E177A) cells (Figure S1B), indicating a role for Cdr2
kinase activity in Mid1 association with medial cortical nodes.
To determine how Cdr2 controls Mid1-Nter anchoring to the
medial cortex, we generated a panel of Mid1-Nter mutants by
sequential deletion of gene segments encoding 50 amino acid
stretches. Mid1-Nter D300-350 and D400-450 failed to localize
to the central cortex and to position the division plane
(Figures 2A and 2B) and thus mimicked the effects of cdr2
deletion on Mid1-Nter. Supporting a key role for these
domains in Mid1-Nter anchoring, a small polypeptide
comprising Mid1 residues 300–450 also localized to central
cortical nodes (Figure S2A), and its overexpression delocal-
ized Mid1 from cortical nodes during interphase (Figure S2B).
These results suggested that Mid1 300–350 or 400–450 may
mediate Mid1 interaction with Cdr2. Consistent with this
idea, Mid1 interacted physically with Cdr2 as assayed by
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962Figure 1. Cdr2 Anchors Mid1 at the Medial
Cortex during Interphase through Interaction
with Its Amino-Terminal Domain
(A) Left: localization of the Mid1 N terminus (GFP-
Nter construct) in wild-type and cdr2D cells
deleted for endogenous mid1. GFP-Nter medial
patches are absent in cdr2D cells. The scale bar
represents 2 mm. Insets correspond to magnified
(23) and contrast-enhanced views of green
boxed regions. Right: DIC images of similar cells.
Scale bars represent 5 mm.
(B) Percentage of displaced septa in cdr2D cells
expressing endogenous Mid1 or deleted for
endogenous mid1 and expressing Mid1-GFP,
GFP-Nter, or Helix* Mid1-GFP. Cells were grown
at 30C. Means6 SD (error bars) were calculated
from six independent counts of 100 cells each.
(C) Localization of Mid1-4GFP in wild-type and
cdr2D cells (left) and mean number of cortical
patches (right) at the tip (red) and at the lateral
(blue) and medial (green) cortex as shown in the
scheme on top. Counts were made on the medial
focal plane. Means 6 SD (error bars) were calcu-
lated on 190–200 cells from two independent
experiments. Scale bars represent 5 mm. Insets
correspond to magnified (23) and contrast-
enhanced views of green boxed regions.
(D) Deconvolved z series and maximum projec-
tion of wild-type (top) and cdr2D cells (bottom)
expressing Mid1-mEGFP. The scale bar repre-
sents 5 mm.coimmunoprecipitation. This interaction was severely im-
paired upon deletion of amino acids 400–450 but not of amino
acids 300–350 (Figure 2D). Moreover, similar to cdr2 deletion,
deletion of residues 400–450 strongly reduced localization of
full-length Mid1 to the medial cortex (Figure 2C). These results
suggest that residues 400–450 of Mid1 mediate association
with Cdr2.
Similar to the Mid1 distribution defects in cdr2D cells, mis-
localization of Mid1 D400–450 during interphase had little
impact on division-plane positioning (Figure 2B). This sug-
gested that Mid1 localization to the medial cortex might be
restored in these mutants prior to ring assembly in early
mitosis. Accordingly, preferential distribution of Mid1 at the
medial cortex was observed in cdr2D or Mid1 D400–450 cells
in late G2 (Figures 1C and 2C; 16- and 18-mm-long cells, corre-
sponding to late G2 cells). This indicates that an alternative,
Cdr2-independent mechanism promotes targeting of Mid1 to
the medial cortex in late G2 when the Mid1-Cdr2 interaction
is compromised.
When cells enter mitosis, Polo kinase (Plo1) triggers Mid1
export from the nucleus [15], and Mid1 is found exclusively
at the medial cortical nodes, where it recruits cytokinesis
proteins. These nodes then condense to form the contractile
ring [5, 7, 9, 10, 15]. We hypothesized that Mid1 export from
the nucleus might represent the Cdr2-independent mecha-
nism of Mid1 targeting to the medial cortex. This predicts over-
lapping roles for Mid1 nuclear export and Cdr2 in specifying
the division plane.
To test this prediction, we first combined cdr2D with the
temperature-sensitive plo1-1 allele that is defective in Mid1
nuclear export and displays misplaced septa at high tempera-
tures (R34C) [15]. The cdr2D plo1-1 double mutant showed
synthetic defects in positioning the division plane; many cells
displayed aberrant septa at lower temperatures (e.g., 29C and
32C; Figure S3). A similar result was obtained with plo1-24C,a different temperature-sensitive allele [15] (our unpublished
observations). We also found synthetic defects between
plo1-1 and the Mid1D400–450 mutant, which impairs Cdr2-
Mid1 interactions, indicating that these results are indepen-
dent of Cdr2 effects on mitosis and cell size. These synthetic
genetic interactions support overlapping roles for cdr2 and
plo1 in regulating Mid1 function. However, a Mid1 mutant
that localizes exclusively to the cell cortex but not to the
nucleus (Mid1nsm; see below for details) was also synthetic
with plo1-1, suggesting that Plo1 may regulate additional
aspects of Mid1 function beyond nuclear export.
To test the role of Mid1 nuclear export more directly, we
combined a previously characterized mutation in the
C-terminal basic nuclear localization signal [11] with deletion
of an N-terminal nuclear import sequence (amino acids 450–
506; Figure S2C) to generate a Mid1 nuclear shuttling mutant
(Mid1nsm) that cannot localize to the nucleus. Mid1nsm was
absent from the nucleus during all stages of the cell cycle
(Figure 3A) and was not affected by treatment with the
nuclear-export inhibitor leptomycin B (Figure S4A), demon-
strating that it is completely deficient in nuclear shuttling. In
wild-type cells, Mid1nsm concentrated at the medial cortex
during interphase and promoted contractile-ring assembly at
the cell middle, similar to wild-type Mid1 (Figures 3A and
3B). In contrast, in cdr2D cells Mid1nsm was not enriched at
the cell middle during interphase and localized throughout
the cell cortex, including at cell tips (Figure 3A; also
Figure S4), indicating that negative regulation of Mid1 by cell
tips [3, 4] requires Cdr2. These cells displayed a higher
frequency of abnormal septa than Mid1nsm or cdr2D single
mutants (Figures 3A and 3B; also Figure S5C), suggesting
contractile-ring defects. Therefore, we next observed contrac-
tile-ring assembly in these mutants by time-lapse video
microscopy (Figures 3C and 3D). In the Mid1nsm single mutant,
myosin II was recruited to a confined central region and
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963Figure 2. Identification of a Cortex-Targeting
Domain Controlling Mid1 Interaction with Cdr2
(A) Top: localization of Mid1 GFP-Nter D300–350
and GFP-Nter D400–450 constructs in mid1D
cells. GFP-Nter D300–350 and D400–450 are
absent from the medial cortex in interphase.
Insets underneath correspond to magnified (23)
and contrast-enhanced views of green boxed
regions. Bottom: DIC images of similar cells.
Scale bars represent 5 mm.
(B) Percentage of displaced septa in mid1D cells
expressing Mid1 GFP-Nter D300–350 and GFP-
Nter D400–450 or full-length Mid1-4GFP carrying
same deletions. Cells were grown at 30C.
Means 6 SD (error bars) were calculated on six
to nine independent counts on 100 cells each.
(C) Top: localization of Mid1-4GFP D300–350 and
Mid1-4GFP D400–450 in mid1D cells during inter-
phase. Insets on the right correspond to magni-
fied (23) and contrast-enhanced views of green
boxed regions. Scale bars represent 5 mm.
Bottom: mean number of cortical patches at tip
(red), lateral (blue) and medial cortex (green) in
mid1D cells expressing Mid1-4GFP D300–350
and Mid1-4GFP D400–450 cells as shown on
the scheme on the right side. Counts were
made on the medial focal plane. Means 6 SD
(error bars) were calculated on 200 cells from
two independent experiments.
(D) Coimmunoprecipitation assay between Cdr2-
3HA and the indicated Mid1-4GFP constructs
(WT; D400–450 or D300–350). Immunoprecipita-
tion was performed with an anti-GFP mAb.
Cdr2-3HA was detected on immunoblots with
anti-HA mAb (a-HA WB) in extracts before immu-
noprecipitation (Input) and in immunoprecipita-
tion samples (a-GFP IP). In the first lane, extracts
from cells expressing untagged Mid1 and Cdr2-
3HA were used as a negative control.formed a single contractile ring, similar to that described for
wild-type cells [8, 9], at the cell middle. However, in the
Mid1nsm cdr2D double mutant, myosin II appeared across a
broad region of the cortex, leading to a high frequency of
double and/or misplaced contractile rings. Double rings were
only observed at low frequency in single cdr2D cells. We
made similar observations when we combined cdr2 deletion
with Mid1 mutants defective in only one of the nuclear-locali-
zation motifs (Figure S5A and S5B). In a control experiment,
we observed no defects when we combined Mid1nsm with
deletion of the mitotic kinase Cdr1 [16–18] (Figure S5C), indi-
cating that our results do not stem from increased cell length
or mitotic delay.
We conclude that fission yeast cytokinesis uses two over-
lapping mechanisms to position Mid1 at the central cortex.
First, Cdr2 anchors Mid1 at the medial cortex during inter-
phase through a physical interaction. Because Mid1nsm is
present at the tips of cdr2D cells, we propose that the Mid1-
Cdr2 interaction controls the previously described negative
regulation of Mid1 cortical distribution at cell tips [3, 4].
Second, nuclear export triggered by Plo1 kinase at the G2/M
transition targets Mid1 to the cortex proximal to the nucleus.
In the absence of both mechanisms, Mid1 cannot position
the division plane properly.
We further tested the role of Mid1 nuclear export by displac-
ing the nucleus from the cell center in both wild-type cells and
the Mid1nsm mutant. In this experiment, we treated cells with
the microtubule-depolymerizing drug MBC and centrifuged
them to displace the nucleus. Previous work has shown thatthe division plane is repositioned near the displaced nucleus
[1, 2]. We observed this phenomenon in time-lapse movies
of wild-type cells expressing a nuclear-envelope marker
(Nup107-GFP) and a contractile-ring marker (Rlc1-mCherry).
Because we maintained cells in the presence of MBC, dis-
placed nuclei did not divide but were cut by contraction of
the contractile ring, which generated two daughter cells of
unequal size (Figures 4A and 4B). In contrast, Mid1nsm mutant
cells with displaced nuclei assembled the contractile ring in
the cell center independently of nuclear position (Figures 4A
and 4B). Contraction of this central contractile ring produced
two similarly sized daughter cells, one of which inherited the
undivided nucleus. We made similar observations when we
centrifuged Mid1 mutants defective in only one of the
nuclear-localization motifs (Figure S6A). This result demon-
strates that repositioning of the division plane upon nuclear
displacement requires Mid1 nuclear export. In addition, the
Mid1 C-terminal amphipathic helix was required for division-
plane repositioning, indicating a role for Mid1 membrane
binding upon nuclear displacement (Figure S7).
Finally, we observed Mid1 and Cdr2 after nuclear displace-
ment (Figure S6B). In wild-type cells, Mid1 became visible in
the vicinity of the displaced nucleus and formed the contractile
ring at this location. In contrast, Cdr2 stayed at the cell center
until mitosis, when it localized to the cytoplasm [14]. This indi-
cates that nuclear position does not direct Cdr2 localization, at
least not at this stage of the cell cycle, and that Mid1 nuclear
export functions independently of Cdr2 to reposition the divi-
sion plane upon nuclear displacement. Importantly, in contrast
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ization upon nuclear displacement (Figure S6B). This indicates
that when Mid1 nuclear export is disrupted or when Mid1
cannot bind to the cortex independently of Cdr2, Mid1 distri-
bution is controlled by Cdr2 through their physical interaction,
which promotes division-plane positioning in the cell middle.
We have identified two molecular mechanisms that position
the division plane at the cell center by controlling the localiza-
tion and function of Mid1 (Figure 4C). Both mechanisms are
sufficient for Mid1 function, but cells fail to properly position
the division plane when both mechanisms are disrupted.
During interphase, the kinase Cdr2 positions Mid1 at the
central cortex through interaction with its N-terminal domain,
as shown by localization requirements, physical interaction,
and functional assays. Cdr2 restricts Mid1 distribution to the
medial cortex specifically during interphase, indicating that
Cdr2 underlies the negative regulation of Mid1 distribution at
cell tips [3, 4, 19]. Consistent with this, Cdr2 is negatively regu-
lated at cell tips by the polarity kinase Pom1 and cell growth
[20, 21]. Thus, Cdr2 relays positional information to establish
the position of the division plane according to the pattern of
polarized growth.
Second, nuclear export targets Mid1 to the cortex proximal
to the nucleus. This mechanism may operate at the G2/M
transition when the Plo1 kinase triggers complete export of
nuclear Mid1. During mitosis, Cdr2 leaves the central cortex
Figure 3. Cdr2 Deletion Induces Ring-Assembly
Defects when Mid1 Nuclear Shuttling Is Abol-
ished
(A) Localization of Mid1-4GFP and Mid1nsm-4GFP
in wild-type and cdr2D cells deleted for endoge-
nous mid1. Mitotic and interphase cells are indi-
cated by red and green asterisks, respectively.
Note the even distribution of Mid1nsm around
the cortex in the absence of Cdr2 during inter-
phase. Scale bars represent 5 mm.
(B) Percentage of abnormal septa in Mid1nsm-
4GFP, Mid1-4GFP cdr2D, and Mid1nsm-4GFP
cdr2D strains. Cells were grown at 30C. Means6
SD (error bars) were calculated from six
independent counts of 100 cells each.
(C) Time-lapse movies of Mid1nsm-4GFP, Mid1-
4GFP cdr2D, and Mid1nsm-4GFP cdr2D cells
expressing Rlc1-mcherry as a marker for the
contractile ring. Mid1 is shown in green and Rlc1
in red. Time is in minutes. The scale bar repre-
sents 5 mm.
(D) Quantification of misplaced and double rings
in the same strains as in (C). Data from two inde-
pendent experiments were pooled. n = 128, 137,
and 199 for Mid1nsm-4GFP, Mid1-4GFP cdr2D,
and Mid1nsm-4GFP cdr2D strains, respectively.
and becomes cytoplasmic. Mid1 then
associates with the central cortex
through its C-terminal amphipathic helix,
independently of Cdr2. Our results show
that Mid nuclear export underlies the
ability of the fission yeast nucleus to
position the division plane, in contrast
to previous models that suggested
a role for physical tethering of Mid1 and
the nucleus [1]. Interestingly, these find-
ings indicate that nuclear export can
generate positional information in cells
and have potential implications for a broad range of eukaryotic
cell functions.
In the absence of Mid1, contractile-ring assembly requires
signaling from the SIN (septation initiation network [22]),
a regulatory network that also promotes contractile-ring
contraction and septum synthesis upon mitotic exit (see
[23]). Activity of the SIN is required for the dephosphorylation
and robust recruitment to the contractile ring of the F-BAR
domain protein Cdc15 [22]. In this context, polarity factors
including Pom1 direct additional mechanisms that prevent
contractile-ring assembly at cell tips [24]. These mechanisms
probably operate when both Cdr2-dependent and Mid1-
nuclear-export-dependent positioning mechanisms are defi-
cient. Accordingly, despite Mid1nsm localization throughout
the cortex, including at cell tips, we did not observe contractile
rings or septa at the tips in the cdr2D Mid1nsm mutant.
Cdr2 also organizes a signaling network regulating mitotic
entry through Wee1 [12, 13, 20, 21], suggesting potential links
between cell cycle progression and cytokinesis regulatory
systems. During mitosis, when Cdr2 is cytoplasmic, Mid1
binds to the mitotic kinase Plo1 [15] and the phosphatase
Clp1 [25], two other important regulators of mitosis and cyto-
kinesis. Of note, the minimum interaction site for Clp1 on
Mid1 (amino acids 431–481) overlaps with the site required
for Mid1 interaction with Cdr2 (amino acids 400–450). It will
be interesting to determine whether Cdr2 and Clp1 compete
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965Figure 4. Mid1 Nuclear Shuttling Is Essential for Repositioning the Division
Plane upon Nuclear Displacement
(A) Time-lapse movie of wild-type and Mid1nsm cells after nucleus centrifu-
gation. These cells also express Nup107-GFP to allow visualization of
displaced nuclei and Rlc1-mCherry to allow visualization of contractile
rings. MBC is present throughout the experiment and blocks nuclear divi-
sion. Transmitted light images of the last time points are shown on the right
to allow visualization of the size of daughter cells. Indicated time points
correspond to time in minutes after nuclear displacement. The scale bar
represents 5 mm.
(B) Coupling between the positions of the ring and nucleus in wild-type
(blue) or Mid1nsm cells (red). Ring position is plotted against nucleus position
in the same cell. Nucleus and ring positions are defined by the distance from
the cell tip closer to the nucleus; this distance is expressed as the fraction of
overall cell length. n = 41 and 51, respectively.
(C) Model for Division-Plane Positioning in Normal Conditions and after
Nucleus Centrifugation.
During interphase, Cdr2 (in green) anchors Mid1 (in red) to medial nodes.
The negative regulation by cell tips (blue zones) maintains these nodes in
the medial region. In a parallel pathway, local exit of Mid1 from the nucleus
is activated by Plo1 at the G2/M transition and positions Mid1 at the medial
cortex. These overlapping mechanisms ensure proper specification of the
division plane. Upon displacement of the nucleus, a new cortical band of
Mid1 exported from the nucleus assembles in the region of the displaced
nucleus to position the contractile ring, whereas Cdr2 remains located at
the medial cortex until mitosis.for binding on Mid1 at mitotic transitions; such competition
would have implications for the temporal regulation of cytoki-
netic events.
In conclusion, we have shown that Mid1 delivery to the
central cortex depends on two overlapping mechanisms that
ensure specification of the division plane in the middle of the
cell. These two mechanisms relay distinct positional informa-
tion on cell polarity and nuclear localization and lead to equal
partitioning of the cytoplasm and correct segregation of chro-
mosomes. When the two mechanisms are spatially separated
by nuclear displacement, Mid1 nuclear export, which operates
later during the cell cycle, is dominant over Cdr2-dependent
positioning of Mid1. Overlapping regulatory systems appear
to underlie spatial regulation of cytokinesis in a range of cell
types [26, 27]. For example, the Caenorhabditis elegans cell
division plane is positioned by consecutive spatial signals
from astral microtubules and the spindle midzone [28, 29].
One target of these signals is anillin [30–33], which serves as
a scaffold to build the contractile ring (see [34]) and is function-
ally related to Mid1. Such overlapping systems provide robust
spatial control of cytokinesis to maintain genomic stability.
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